Here we investigate the dissolution behaviour of copper minerals contained within biocompatible alginate hydrogels. Copper has a number of biological effects and has most recently been evaluated as an alternative to expensive and controversial growth factors for applications in tissue engineering.
Introduction
Copper is an essential trace metal that is required by a variety of critical enzymes involved in cellular metabolism [1, 2] . Also, copper has a very narrow therapeutic range above which it is potently toxic.
By virtue of these properties it has found utility as an active ingredient in a wide range of biomedical devices such as contraceptives, (IUD ParaGuard® GyneFix®) [3] , anti inflammatory [4] , antimicrobial [5] , antiviral [6, 7] and anticancer agents, [8, 9] as well as enzyme inhibitors [10] and chemical nucleases [11] . In a physiological complex with the bioactive tripeptide glycylhistidyllysine (GHK) it has also been widely studied in the context of wound and scar repair [12] . Besides skin regeneration, copper also mediates cartilage formation, probably through inducing the synthesis of insulin-like growth factor 1 (IGF-1), the major growth factor involved in chondrogenesis [13] [14] [15] . In the field of tissue engineering, Cu 2+ ability to stimulate new blood vessel growth and collagen deposition has recently gained renewed atention to improve vascular integration of synthetic scaffolds [16, 17] . In these experiments, Cu 2+ was found to work as a substitute or an adjunct to vascular endothelial growth factor (VEGF) offering an interesting and much cheaper alternative to growth factor or cell based approaches to achieve angiogenesis. This stimulatory effect could be due to the fact that copper is essential for the correct cross linking of collagen and elastin fibres which are vital components of vascular tissue [18] .
A summary of the biological applications and comparison of the amounts of copper applied in each case is given in Table 1 . From this table it becomes apparent that the metal is applied as either elemental copper, or as ionic Cu 2+ , present as an aqueously soluble salt (such as copper sulphate) or complexed with an organic molecule. Copper will only be biologically active when it is dissolved and a majority of ionic Cu 2+ present in vivo is complexed with the serum protein ceruloplasmin (a feroxidase enzyme involved in the metabolism of iron), and to a lesser extent with serum albumin [19] . Electron Paramagnetic Resonance (EPR) spectroscopy has emerged as a powerful tool to investigate the nature of biological copper complexes since Cu 2+ is paramagnetic. Naturally, a great deal of the literature has focussed on Cu-ceruloplasmin complexes and investigated whether this can be used as a diagnostic tool for diseases such as cancer [20] . From Table 1 it can be seen that a wide range (i.e. nM -low mM) of copper is used to bring about strong biological responses. For many of the individual applications the therapeutic range is quite narrow and therefore precise control of the release of Cu 2+ would appear to be paramount for the biomedical application of this bioactive metal. However, prolonged and controlled release of copper ions within a narrow concentration range or specific flux is a challenge. Alginate represents an exciting material choice for such an application; alginate hydrogels are already used commercially as effective wound and burn dressings by virtue of their high water content and non tissue adhesive properties and they may also be cross linked and therefore functionalised with divalent copper ions [26] . Alginates are a group of linear copolymers consisting of residues of β-D-mannuronic acid (M) and α-L-guluronic acid (G) [27] and may be obtained from both bacterial and marine sources, the later being the origin of commercially available alginates. The block-like arrangement of G and M residues (M-blocks, G-block and MG-blocks) along the polymer chain depend on both the geographical source and seasonal variations [28] . G-blocks, and to a lesser extent regular MG-blocks, may be cross linked by divalent cations (including Cu 2+ [29] ) in aqueous conditions to form a stable hydrogel. The resulting gel properties such as biocompatibility, stability, permeability, mechanical stability and swelling behaviour are significantly affected by the alginate composition and sequential structures and cross-linking ion [30] .
Recently we have demonstrated a technique to form alginate microbeads that are mineralised with calcium phosphate or calcium carbonate for application in bone tissue engineering [31] . In the present study we apply the same principle to form alginate microbeads mineralised with copper containing mineral phases, in order to achieve tunable copper releasing properties. We go on to demonstrate controlled release profiles in saline and cell culture medium compared with nonmineralised alginate gels which were cross-linked with copper ions. Furthermore, we use EPR to study the mechanisms responsible for dissolution of copper containing minerals in biological fluids, in particular the formation of complexes between copper ions, amino acids and proteins. We show that alginate preparations containing different copper mineral phases release copper at different rates. This approach gives a new insight into the possible pathways to bioavailable copper and how alginate may be used to as a controlled release matrix for copper ions.
Materials and Methods

Materials synthesis
Sodium alginate (either PROTONAL LF 2005 (G content 68% "High G") or PROTONAL GP 5450 (G content 46% "Low G"), (FMC Biopolymer, Haugesund, Norway) was dissolved in distilled water at a concentration of 1.9 wt/vol %. All other reactants were purchased from Sigma Aldrich (Oslo, Norway). To form "in situ" mineralised beads, mineral precursors (100 mM Na 2 HPO 4 or Na 2 CO 3 ) were added to the alginate preparation. Copper minerals were also formed following the aqueous precipitation of Na 2 HPO 4 or Na 2 CO 3 (both 300 mM) with 135 mM CuSO 4 in 0.9 % NaCl at room temperature. Precipitates were then washed with deionised water several times using centrifugation prior to further processing. To form copper cross linked alginate beads, alginate solutions with and without mineral precursor ions were electrostatically extruded at an applied voltage of 7 kV through a 0.4 mm outer diameter needle (Steadtler Mars Plot 750 PL4 CF) at a constant flow rate of 10 mL h -1 using a syringe pump into continuously stirred 135 mM CuSO 4 containing 0.9 % NaCl gelling solution.
The in-house apparatus used to synthesise beads has previously been described [32] . In order to complete mineralization process, all samples were aged in the gelling solution for 24 hours following bead formation, after which they were washed thoroughly in saline solution prior to further use.
Copper mineral containing calcium alginate microbeads (samples CuC60, CuC20, CuC5 and CuP60, CuP20 and CuP5, see High G -5 wt % CuHPO 4 50 mM CaCl 2 a Gelling solutions also contained 0.9 % NaCl
Materials characterisation
Samples were dried prior to analysis either under vacuum at room temperature (copper mineral precipitates) or dehydrated in ascending concentrations of ethanol (50-100%) and then critical point dried (alginate samples) using an Emitech K850 CPD (Quorum Technologies, UK). X-ray diffraction (XRD) was performed on dried and crushed samples using a Bruker D8 Focus diffractometer (Bruker AXS Nordic AB, Sweden). Scans were taken in the range of 2θ = 6-60°, at a step size of 0.02° and dwell time of 1s step -1 . Crystallite sizes were estimated by applying the Scherrer equation to the main diffraction peaks of atacamite (2Ɵ = 16.2) and hydroxy cupric phosphate heptahydrate (2Ɵ = 9.1°). Thermogravimetric analysis (TGA -Netzsch STA449C, Netzsch-Gerätebau GmbH, Germany)
was performed in the range of 25-1000°C at a heating rate of 20°C min -1 under an air flow of 80 mL min -1 . Fourier transform infrared (FTIR) spectroscopy (Nicolet 8700 FTIR spectrometer, ThermoFisher Scientific, USA) was performed in the range of 600-4000cm -1 at room temperature. An average of 32 scans was taken. Scanning Electron Microscopy (SEM) was performed on gold coated samples using a Hitachi S-5500 SEM (Hitachi Ltd. Japan) operating at an accelerating voltage of 5 kV.
Release of Cu 2+ in DMEM and saline
Alginate microbead samples were retrieved from the gelling solution and thoroughly washed in distilled water and then in 0.9 % NaCl solution. 0.25 g of each sample was then placed in a sterile test tube and suspended in 5 mL of either Dulbecco's modified essential medium, DMEM (Invitrogen, Norway) or 0.9 % NaCl (saline). All samples were then incubated at 37 °C under static conditions. Following 1, 2 ,3, 5, 7, 10 and 14 days incubation 4 mL of the incubation medium was removed and stored and was immediately replaced with fresh medium. This volume was chosen such that accidental removal of alginate microbeads was avoided. Samples were vortexed prior to and following media exchange. Care was taken not to remove beads during the exchange process. All samples were repeated in triplicate.
Quantification of released Cu
2+
Cu 2+ concentration in release media was detected using a colourimetric assay based on Cu 2+ complexation with 100 µM 4-(2-Pyridylazo)resorcinol (PAR) [33] . Samples were diluted to within the range of Cu 2+ detection for 100 µM PAR (i.e. in the range of 0.5-10 µM) using the appropriate incubation medium and absorbance at 514 nm was read using a microplate reader (Tecan Infinite   200 PRO series, Männedorf, Switzerland). Sample Cu 2+ concentrations were calculated with reference to a standard curve of known concentrations of CuSO 4 in both DMEM and saline.
Studies of mineral dissolution in biologically relevant fluids.
Copper minerals were placed in excess and allowed to reach equilibrium with respect to Cu NaOH. All chemicals apart from DMEM were purchased from Sigma Aldrich, Norway.
Electron Paramagnetic Resonance (EPR) Spectroscopy
EPR spectroscopy was performed on copper minerals solubilised by the fluids listed in section 2.5 using a JEOL JES-FR30 EPR spectrophotometer (JEOL, Japan). 100 µL samples were placed in a quartz dip cell and spectra were collected between 260-330 mT. The spectra were subjected to analysis using EasySpin in MatLab (version 7.8), using the chili program [34] , in order to obtain the EPR parameters of the various complexes. In chili the stochastic Liouville equation is used to solve the tumbling motion of the molecules and is followed by a fitting routine to obtain the EPR parameters of the sample. Samples were grouped according to similarity by performing principle component analyses of the obtained EPR parameters using MatLab. Each of the g and A tensors extracted from the EPR fits were normalized by z-scoring and analysed using princomp. The resulting PCA scores for each sample were then ploted along the first and second principle component axes.
Results
Copper alginate bead synthesis and characterisation
Two types of alginate were used in this work to create copper containing microbeads, one containing carbonate precursor resulted in the formation of atacamite (Cu 2 Cl(OH) 3 ), a highly insoluble copper chloride hydroxide, however there was also a minor peak observed in alginate free control samples that could not be assigned. There were no major differences between the XRD paterns for LCuC and HCuC samples (refer to There were litle differences in the FTIR spectra recorded for non-mineralised copper cross-linked alginates and agreed well with previously published data [35] . FTIR confirmed the presence of atacamite and a copper phosphate phase within mineralised alginates and no differences in the vibrational spectra were observed between the control mineral phases and those precipitated in the presence of alginate (Figure 2 C-E). Infrared peak assignments are given in Table 3 . TGA / DSC did not indicate the presence of any amorphous phases (data not shown). TGA was also used to determine the amount of copper present in all preparations (total amount of the mineral phase), and the results are summarised in Table 4 . ) over 12 days, indicating that the mineral phase had litle effect on copper release (Figure 3 A) . In these samples, the Cu 2+ released was likely loosely bound to the polymer chains and not directly involved in crosslinking since we did not observe significant bead swelling or disruption over the course of the experiment.
However when the samples were incubated in DMEM, Cu 2+ was released at a much higher apparent rate for all samples tested (Figure 3 Cumulative release is shown as mMol of Cu 2+ per gram of hydrated alginate microbeads.
Temperature 37°C, pH 7.4.
Solubility of copper minerals in biological fluids
Since we had observed clear differences in release rates obtained for both the different release media and copper mineral phases tested, we sought to determine any differences in mineral solubility in the media tested. It is well established that copper ions may form bioactive complexes with proteins and peptides and we therefore took this as inspiration to investigate the behaviour of atacamite and copper phosphate minerals incubated in a variety of biologically relevant solutions.
We first determined the solubility of the copper minerals in water, DMEM, complete DMEM (cDMEM -supplemented with 10% FCS), whole serum, 40 mg mL -1 albumin, GHK tripeptide and combinations of the individual amino acids of GHK (i.e. Glycine, Lysine and Histidine -G,H,K) and also combinations substituted with Proline (P). We then used electron parametric resonance (EPR) spectroscopy to investigate the Cu copper complexes formed in these solutions.
Equilibrium Cu 2+ concentrations and pHs are shown in Figure 6 . Both mineral phases tested were only sparingly soluble in saline, and solubility was greatly enhanced in DMEM. Atacamite was also much more soluble in whole serum and albumin compared to copper phosphate. This was reflected in differences between DMEM and cDMEM (containing 10% serum) whereby atacamite was found to be more readily solubilised. Both minerals were found to have similar solubilities in GHK tripeptide, which was approximately 3-4 times higher in a solution containing the individual amino acids of GHK (G,H,K) at the concentration present in DMEM, with atacamite slightly more affected than copper phosphate. It should be noted that although the concentration of constituent amino acids was similar for these samples (1.2 mM vs 1.4 mM) the concentration of the tripeptide as a whole was 3.5 times lower (0.4 mM) which may account for the large differences seen. In all cases there was an increase in pH with copper mineral dissolution, however the increase was not found to be proportional to Cu 2+ concentration, likely due to differences in the buffering capacity of the solutions tested ( Figure 6 ). 
Cu 2+ complex formation in biological fluids
Electron paramagnetic spectroscopy was used to analyse any complexes that may have formed with the solubilising molecules as a route to characterise the likely mechanisms and state of copper ions 
Discussion
Mineralisation and effect of alginate
Copper minerals could be incorporated into alginate hydrogel microbeads through either in situ mineralisation or by dispersion of preformed mineral and subsequent cross-linking with calcium.
These approaches greatly increased the amount of copper that could be contained within the alginate microbeads and also offered a pathway to control the concentration and subsequently the release profiles of Cu 2+ ions from the alginate hydrogels and extend release from 5 days up to 32 days (release up to 14 days shown). This would appear to be highly relevant for the local delivery of copper ions in a wide range of biomedical devices that require different release amounts (see Table   1 ). It should be noted that the release amounts shown here are representative of a large release, but could easily be tuned by varying not only the composition, as has been demonstrated here, but also the total amount of material applied to a given site.
Copper phosphate crystals formed in the presence of alginate were smaller and less well defined as compared to crystals formed in solution ( Figure 1 ) and there was also a large difference in release profiles compared to calcium cross linked samples made with mineral precipitated in the absence of alginate. However, such a difference in crystallinity and release profiles was not observed for samples made using carbonate precursors, indeed crystals appeared slightly more defined in the presence of alginate. It has previously been shown that alginate and alginate oligomers had a strong influence on crystal growth and polymorph selection of calcium phosphate [31] and calcium carbonate [39] , particularly through interaction of the G-blocks in alginate. The mechanisms of crystallisation inhibition for these copper minerals appears to be different and warrants further investigation. HCuP and LCuP samples containing in situ mineralised CuP released at a much faster rate than CuP60 samples containing a greater amount of pre-formed mineral. This difference may be atributed to the small size and poor crystallinity of in situ formed mineral which resulted in a larger surface area and hence a higher solubility. Indeed, even after 32 days, not all of the copper contained in CuP60 samples was released. Additionally, the use of calcium as a crosslinking agent in these samples rendered the microbeads much more stable for extended periods than copper alone, which resulted in bead rupture following copper depletion.
Solubility and complex formation in biological fluids
We made the intriguing discovery that the solubility of otherwise sparingly soluble copper salts was greatly enhanced in the presence of DMEM and DMEM containing serum. This is likely due to complex formation with the amino acids present in the DMEM solution, as evidenced by EPR spectroscopy. Although the ability of amino acids to form soluble complexes with ionic copper is well known [40] , the effect on water insoluble copper minerals is, to our knowledge, hitherto unknown.
Amino acids are an essential component of many biological fluids, therefore such a discovery has an important impact on copper bioavailability through many delivery routes. This concept also widens the possibilities of device design in terms of materials selection, since aside from chloride and sulphate salts, copper minerals and metallic copper are largely aqueously insoluble at physiological pH. However, as we have shown, these compounds may behave quite differently in physiological fluids. This effect likely extends to copper containing minerals, such as copper doped calcium phosphates, for example, that have been tested as angiogenesis promoting materials. Copper is only bioavailable when complexed, and in plasma is mostly associated with the serum protein ceruloplasmin and to a lesser extent with serum albumin [19] . Cu 2+ also forms a bioactive complex with the GHK tripeptide which has been shown to be an important factor in wound healing and scar formation [12] . We have shown that analogous complexes may be formed in simple mixtures of amino acids and in DMEM. Indeed in whole serum it would appear that a large proportion of copper ions derived from dissolved mineral were complexed by amino acids and not serum albumin or other serum components. Indeed the EPR spectra obtained for these complexes did not agree with previously published spectra for Cu-ceruloplasmin complexes [41, 42] , which indicates that this complex was not formed in our studies. These results therefore indicate an important difference between the in vitro and in vivo condition of Cu 2+ ions, which is particularly relevant for cell culture experiments that are generally conducted in serum supplemented DMEM. It is well known that biomaterials in biological systems can bind different components of surrounding environment forming either protein [43] or ion coronas [44] . These coatings affect biomaterial stability, solubility, release profiles and mediate their interaction with cells which all influence the biological effects and toxicity. These studies highlight the importance of the local environment on copper releasing potential of alginate biomaterials and demonstrate how this may be used to tailor release profiles given the different solubilities observed for the different mineral phases in a variety of biological fluids. Particularly of note is the strong difference observed for the solubility in whole serum and serum albumin solutions.
Typically, EPR spectra are analysed by extensive modelling to elucidate the detailed interactions between atomic nuclei such as Cu 2+ and possible ligands [45] . Here, a complementary approach based on principle component analysis (PCA) was used. PCA can greatly simplify complex multivariate datasets by redistributing the data along just a few axes (principle components) that still explain most of the spread in the data. Within EPR spectra analysis, PCA and related methods have mainly been used for denoising and deconvolution purposes [46] . By applying PCA to the data extracted from the EPR spectra, we uncovered clear sample groupings. Closer inspection of the data extracted from the spectra confirmed that the numerical values for the g and A tensors closely match in the samples grouped by PCA. Thus, we establish numerical spectra fitting followed by PCA as a simple and accessible method to visualize and interpret complex EPR datasets. Naturally, further indepth analysis can be performed on the same spectra to investigate the details of the ligand structure around the Cu 2+ ions, but that was not the focus of this work.
Potential applications and outlook
Bioinorganic agents have emerged as powerful therapies to treat a wide variety of medical disorders [47] [48] [49] . However, the medical application of metallic ions may present specific problems of acute local and systemic toxicity, particularly in the case of copper which has a very narrow therapeutic range for in vivo applications (see Table 1 ). Therefore biomaterials which contain metallic ions as bioactive components have to be strictly optimized regarding total metallic content and release rates into the surrounding environment [50] . Here we have shown that by varying the formulation of alginate hydrogels containing copper in ionic and mineral form it is possible to modulate total copper content as well as the release of Cu 2+ . This approach could have utility in several biomedical applications such as wound dressings and tissue engineering. Bactericidal action due to fast release of Cu 2+ at high concentration, followed by Cu 2+ induced skin remodelling and regeneration would potentially enhance the healing process. Taking into account emerging bacterial resistance to antibiotics, Cu-containing biomaterials may represent a promising, highly efficient and cost-effective alternative to standard drug based antimicrobial therapy. In addition, our formulations with linear and sustained release profiles could be suited to tissue engineering applications where controlled and prolonged release of Cu 2+ is needed in order to promote specific biological responses, such as angiogenesis and chondrogenesis in osteochondral implants or the formation of a microvascular network in every type of tissue graft. In order to avoid risks associated with copper toxicity in vivo, but benefit from the effects of Cu 2+ on specific cell types, such copper-alginate formulations could be used as components of tissue engineering scaffolds to promote tissue regeneration in vitro by sustained copper delivery to cultivated cells prior to implantation. These materials could be used in conjunction with other scaffold materials to trigger specific biological responses during cultivation (e.g. expression of cartilaginous genes or stimulation of angiogenesis) to promote tissue maturation and vascular integration upon implantation without recourse for further supplementation with copper. Moreover, such tissue engineering systems could also provide physiologically relevant 3D models for cell biology studies of the effects of Cu 2+ on individual cells and cell co-cultures as well as novel strategies for stimulation of de novo vascular network formation in engineered tissues in vitro.
Conclusion
We have shown for the first time that the chemistry of alginate preparations may be modified to allow the simultaneous precipitation of copper containing minerals and cross-linking of alginate hydrogels. Preformed copper minerals could also be incorporated into hydrogels cross-linked with a different divalent cation to allow greater control of copper content and subsequent release profiles.
We made the unexpected and intriguing discovery that DMEM enhances the solubility of copper minerals and investigated the solubility of these minerals in a variety of different biological fluids and the complexes that form. This approach demonstrates the flexibility of this material to achieve desired copper release profiles over extended periods of time which may have application in a range of biomedical systems employing copper as a bioactive component.
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